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Introduction.-Brouwer' has recently estimated the changes in the yearly rate of the earth's rotation since 1820. He found considerable systematic fluctuations over periods of time as short as about 50 years. These fluctuations were unexplained, though it was suggested that they are of geophysical origin.
The changes in angular momentum in the atmosphere, oceans, crust and mantle are either too small or take place too slowly to explain the major part of the observed non-seasonal changes in rate of rotation. These conclusions are also presented in a valuable paper by Walter Munk and Roger Revelle given at the spring meeting of the American Geophysical Union in 1952, at which time the present paper was read. It is understood their paper will appear in the Monthly Notices of the Royal Astronomical Society.
It is the purpose of the present paper to compare Brouwer's results with changes with time in the westward drift of fluid moving near the surface of the earth's central core, as inferred from the westward drift of the earth's eccentric dipole field of terrestrial magnetism.2 Also discussed, as a check, are the effects of variation in the northerly drift of fluid in the core. The latter are less accurately inferred from the geomagnetic data, and would affect the position of the north pole, which as it moves gives a variation of latitude upon the spinning earth.
Motion of Geomagnetic Field.-It is of interest to derive the position of this eccentric dipole relative to the earth's surface as a function of time, supposing this dominant simple feature of the earth's field to indicate some corresponding broad scale feature of the fluid motion of the earth's central core. For instance, at the earth's surface the field of the eccentric dipole may be regarded as that due to a simple spherical electric current sheet flowing in the outer part of the core. Motion of the dipole about the earth's axis of rotation at a fixed distance from the earth's center is then equivalent to a similar angular rotation of the current-sheet, and hence of the fluid in the core from Maxwell's equations.3
The (a) Motion of eccentric dipole, 1830-1950, and (b) its latitude and longitude, 1830-1950. however, to an observer viewing the earth from outside at a distance of a few earth radii. This observer, rotating with the earth, would conclude that the geomagnetic field was moving westward and northward (near the East Indies), relative to the earth's surface, and also outward from the earth's center VOL. 38, 1952 since 1830. A fairly steady motion of the eccentric dipole westward and northward is shown in terms of latitude and longitude in figure 1 Departures in annual rate of rotation of (a) outer core (b) earth's crust, and (c) inner core in seconds of time, 1880-1945. tion of motion since 1830; the north pole of this northwesterly motion (as seen from the Dutch East Indies) of the core is near Winnipeg, Canada, at 50°N latitude and 264°E longitude.
The average value of westward drift of 0°30/year, from figure 1, compares favorably with that found by Bullard,4 who obtained the value 0? 180 ± 0°015/year for the average drift between the two times 1907 VOL. 38, 1952 and 1945, using the same data in charted form. The northward drift since 1830 appears to average about 0°25/year.
Major interest centers about the indications of fluctuations in these drift velocities, also shown in figure 1, especially near 1910. The fluctuations in yearly rates of drift are shown in figure 2 where -&o and ,o are the rates of westerly and "northerly" drifts in radians per annum, compared with At of Brouwer. These are of great importance in relation to other problems of the earth because they may imply experimentally determined changes in the energy, motion and angular momentum of the core.
The assessment of the error in the results of figure 2 is discussed in a general way in a paper to appear in The Journal of Geophysical Research. The departures in angular velocity, shown in (a) of figure 3, necessarily apply to the outer part of the core, probably quite near the surface. This follows since a magnetic pulse of about 60 years' duration or period would otherwise fail to penetrate to the earth's surface through the highly conducting surface layers of the core, and the electrically conducting mantle.3
The variation of this angular velocity with depth within the core is unknown. The experimental results given in (a) and (b) of figure 3, however, have been used to determine the fluctuation in motion of the inner half by volume of the core, as in Bullard's model, in order that the total angular momentum be conserved. In this model the outer and inner halves of the core can move separately as rigid bodies.
In order that angular momentum be conserved it is necessary that the following relation be satisfied:
Ill figure 3 is based entirely on the concept of conservation of angular momentum, such that the fluctuations in rate of rotation of the earth's surface be explained from energy supplied by the core, the operation of the system requires the existence of couples. Bullard4 has shown that the couple between core and mantle, in the case of his model, is likely to have a large time constant, using existing laboratory and other data in estimating the electric conductivities near the core boundary. His approximate result is that the time constant t = 2D/k,H'o, where D is the density of the core, ki the electric conductivity of the mantle and Ho the magnetic field.
Taking Ho = 4, for t = 5 years, k, = 7.5 X 10-9 e. m. u.; t = 38, k, = 10-9; t = 76, ki = 5 X 10-1"; t = 380, ki = 10-10; t = 760, ki=3 X 10-11; and for t = 3800, ki = 10-". From figure 3 one is led to infer that ki -7.5 X 10-9 because t = 5 years is more nearly appropriate if the data given here are correct. Since there is som.ne observational evidence that small sudden pulses in secular magnetic change over periods of a few years, presumably from changes at the core, actually reach the earth's surface, it might be thought that this value ki is too high. Such pulses might originate at the core boundary, however, and a value as high as ki = 7.5 X 10-9 may not extend very far upward into the rigid mantle.
Presumably this coarse estimate may be in error by a factor of 10.
According to Elsasser k = CO2!T, where 0 is the Debye temperature, and T the absolute temperature. The above result might suggest that some previous ideas on the temperature of the core should be revised downward from the 9000°C. suggested by others.5 Effect of Fluctuations in Northward Drift of Fluid in the Core.-The interpretation of the northward drift of the geomagnetic field, as shown by the motion of the eccentric dipole field indicated in figures 1 and 2, is more difficult. In the first place, it can be shown that the probable error in poleward drift is larger than in the westerly drift. In the steady westerly drift, at least, the lines of force of the dipole field are presumably wound up into two toroidal fields inside the core, opposed in direction in the northern and southern hemispheres. The motion itself is probably an expression of the influence of Coriolis force on convective motions in the core.
The apparent motion of figure 1 is that about a pole located near Winnipeg, Canada, at sp = 50°N, X = 264°E, so that in addition to the westward component of motion there is also a motion about an axis transverse to the axis of rotation and intersecting the meridian X = 264°E. The motion or drift of the eccentric dipole field is northward at the surface of the core near the Dutch East Indies.
The rate of "northerly" drift ,Bo in radians per year is shown in figure  2 , as deduced from the motion of the eccentric dipole. The probable error in individual years is about three times that for -&o. The validity of this result is hence immediately challenged. For instance, from figure 1, the motion implied could consist of a uniform motion northward and a fluctuating motion westward. However, since the average drift velocity in; figure 1 is roughly to the northwest, it is probably safe to infer that the result for ,o is at least qualitatively correct, and perhaps correct in order of magnitude.
The pulse in angular momentum applied transverse to the earth's axis of rotation will shift the position of the north pole relative to the axis of rotation. A variation of latitude with time will then be noted at astronomical stations observing the stars. The solution of the complex dynamical problem involved will not be attempted here, but it is of interest to show that the addition of the fluctuating angular momentum vector transverse to the axis of rotation can produce a perceptible variation in latitude. The detailed relations between the fluid motion and field may affect these results somewhat, but will not be considered here.
If the axis of rotational drift of the outer and inner core be that for the motion of figure 1 , the motion about this axis has two components. The first component is that already treated to provide an explanation of fluctuations in the earth's rate of rotation, namely, the varying drifts westerly and easterly in the outer and inner core. The plane of the motion of figure 1 taken to intersect the earth's center is then inclined to the equatorial plane at about 400. Hence the second component of motion, the varying "northerly" drift, should be given by the westerly drift multiplied by tan 40°. 
